The linear cardiac tube of Drosophila, the dorsal vessel, is an important model organ for the study of cardiac specification and patterning in vertebrates. In Drosophila, the Hox segmentation gene abdominal-A (abd-A) is required for the specification of a functionally distinct heart region at the posterior of the dorsal vessel, from which blood is pumped anteriorly through a tube termed the aorta. Since we have previously shown that the posterior part of the aorta is specified during embryogenesis to form the adult heart during metamorphosis, we determined if the embryonic aorta is also patterned by the function of Hox segmentation genes. Using gain-and loss-of-function experiments, we demonstrate that the three Hox genes expressed in the posterior aorta and heart are sufficient to confer heart or posterior aorta fate throughout the dorsal vessel. Additionally, we demonstrate that Ultrabithorax and abd-A, but not Antennapedia, function to control cell number in the dorsal vessel. These studies add robustness to the model that homeotic selector genes pattern the Drosophila dorsal vessel, and further extend our understanding of how the cardiac tube is patterned in animal models. q
Introduction
One of the most compelling findings in developmental biology has been the observation that Hox segmentation genes control anteroposterior (AP) identity in the developing embryo, and that the organization, expression and function of these genes is highly conserved across diverse animal Phyla (for review see Carroll et al., 2005) . Classical studies in Drosophila have established that the genes of the Bithorax-Complex and the Antennapedia-Complex control AP identity (reviewed in Mann and Morata, 2000) , and despite functional redundancy among vertebrate Hox gene clusters, there is strong evidence that the homologous genes in vertebrates have homologous functions.
In addition to patterning the overall body plan of the developing embryo, Hox segmentation genes also contribute autonomously to pattern and cell fate in a number of distinct germ layers, organs, and tissues (reviewed in Castelli-Gair Hombria and Lovegrove, 2003) . These diverse examples include the developing vertebrate digits (Johnson and Tabin, 1997) and Drosophila skeletal muscle lineages (Greig and Akam, 1993; Michelson, 1994) . Thus, Hox genes function pervasively throughout animal development.
The dorsal vessel is the Drosophila linear heart tube, comprising a muscular posterior heart and a more anterior tube termed the aorta. Drosophila has a partially open circulatory system, where hemolymph (blood) is drawn in through bilateral openings in the heart, called ostia, in the most posterior region of the dorsal vessel. The heart has a broadened lumen when compared to the aorta, which is the next area the hemolymph enters. The hemolymph is expelled from the anterior opening of the aorta, in the vicinity of the brain and allowed to flow back to the posterior of the animal (Rizki, 1978; Fig. 1A) . Similar to the vertebrate heart, the dorsal vessel displays electrical activity or 'heartbeats' (Wessells et al., 2004) and many of the genes expressed in the dorsal vessel have vertebrate homologs. This parallel relationship makes the study of the simpler Drosophila system useful as a baseline from which the much more complex vertebrate research can stem (reviewed in Cripps and Olson, 2002; Brand, 2003) .
Functional studies have served to subdivide the embryonic dorsal vessel into three AP regions (Rizki, 1978; Molina and Cripps, 2001 ; summarized in Fig. 1B ). The most posterior region is the heart which contains the ostia. The heart functions as the inflow tract for the cardiac tube throughout larval development, and is histolyzed during metamorphosis. The adjacent posterior aorta (PA) functions as a simple tube during larval life, but is modified into the adult heart during pupal development. The most anterior cells of the dorsal vessel form the anterior aorta (AA), which functions throughout the life of the animal as a simple tube to convey hemolymph to the head. AP patterning of the dorsal vessel is also apparent in cell number and lineage decisions. Alvarez et al. (2003) recently showed that cell numbers differ between the AA and the rest of the dorsal vessel, such that the AA comprises only four muscular cells per hemisegment, as opposed to six muscle cells per hemisegment in the PA and most of the heart. Furthermore, the cells of the AA arise from asymmetric divisions, each division giving rise to a cardial and a pericardial cell; by contrast many cardial cells of the PA and heart arise from symmetric division (Alvarez et al., 2003; Han and Bodmer, 2003) . Abd-B is expressed in the four posteriormost cells of the heart (Lovato et al., 2002; Lo et al., 2002; Ponzielli et al., 2002) , and the lineage decisions in this terminal region are a modified form of those of the PA and heart (Han and Bodmer, 2003) . The dorsal vessel is a muscular tube comprising Tin-expressing (green) and Svp-expressing (red) muscular cells, and associated pericardial cells (purple). Alary muscles (blue) support the dorsal vessel. At the posterior of the dorsal vessel the lumen is larger and termed the heart region proper. In the embryo and larva, blood enters the heart through ostia, which arise from pairs of Svp cells. Blood is then pumped anteriorly through the posterior aorta and anterior aorta. Although Svp cells are present in the posterior aorta, ostia do not form from these cells at the embryonic nor larval stages. At the anterior of the dorsal vessel specialized structures such as lymph glands and ring glands are apparent. (B) Correlation of regulatory gene expression patterns in the embryo with dorsal vessel regionalization. For clarity, only the muscular cells are shown. No homeotic genes are expressed in the anterior aorta. Antp and Ubx are expressed in the posterior aorta, abd-A is expressed in the heart, and Abd-B is expressed at the posterior terminus of the heart. Hedgehog (Hh) signals from the overlying ectoderm correspond to the locations at which Svp cells arise in the developing cardiac tube. Note that there are no Hox genes expressed in the anterior aorta of the embryo; and that there are no Svp cells in the anterior aorta despite the presence of Hh signals in this region. In all panels anterior is to the left.
Alongside the functional and cell lineage criteria described above, molecular markers serve to illuminate the AP patterning of the embryonic dorsal vessel (Lovato et al., 2002; Lo et al., 2002; Ponzielli et al., 2002; Fig. 1B) . The muscular cells of the heart express either the homeobox gene tinman (tin) or the orphan nuclear receptor gene sevenup (svp) in a pattern comprising four Tin cells plus two Svp cells per hemisegment (Bodmer and Frasch, 1999; Lo et al., 2002; Gajewski et al., 2000; Ward and Skeath, 2000) . The Svp cells in the heart also express the versatile signaling molecule Wingless (Wg). The PA retains the same pattern of Tin and Svp cells as the heart, yet at the embryonic stage there is no expression of wg in the Svp cells of the PA (Lo et al., 2002) . The anterior aorta is composed of Tin cells only (Alvarez et al., 2003) . In summary, the molecular patterning of the dorsal vessel reflects closely the ultimate fate of the individual compartments: Svp cells of the heart express wg and form ostia, and the heart is demolished during pupal development; Svp cells are specified in the PA, yet they do not form ostia in the embryo and do not express wg until later in development, when they metamorphose into adult ostia; and the cells of the AA express tin only and at no stage do they form ostia.
How is the dorsal vessel subdivided into these functionally distinct regions? We and others have previously shown that the specification of the embryonic heart at the posterior of the dorsal vessel depends autonomously upon the expression and function of abd-A in the heart cells (Lovato et al., 2002; Lo et al., 2002; Ponzielli et al., 2002; Kim et al., 2004) . These studies demonstrated important mechanisms for heart cell patterning in animal development, which may be conserved in higher animals (reviewed in Lo and Frasch, 2003) . However, given the observation that Ubx and Antp were expressed in more anterior cells of the dorsal vessel ( Fig. 1B ; Lovato et al., 2002; Lo et al., 2002; Ponzielli et al., 2002) , we hypothesized that Hox genes function more broadly in dorsal vessel development. Evidence to support this notion came from the observation that the signaling molecule Hedgehog (Hh) is required to specify the segmentally repeating pattern of Svp cells in the PA and heart, however, the AA receives Hh signals but no Svp cells are specified (Ponzielli et al., 2002) . Perhaps the expression of Hox genes is also required to provide competence to respond to Hh and initiate svp expression.
In this paper, we have tested the hypothesis that the expression of svp in the PA and heart is specified by the action of Hox segmentation genes. To visualize PA/heart fate we first generated an antibody to the svp gene product, and subsequently visualized the patterning of Svp and Tin cells whilst manipulating the expression of Hox segmentation genes. We demonstrate that the three segmentation genes Antp, Ubx and abd-A are each required for the specification of specific Svp cells in the dorsal vessel, and that overexpression of either of these genes can result in ectopic svp expression in the AA. Additionally, we demonstrate that the Hox genes also differentially control cell lineage in the dorsal vessel. These and other studies demonstrate a central role for the Hox genes in controlling cardiac cell fate during animal development.
Results

Characterization of a Svp antibody
To follow cardiac cell fate under manipulation of Hox gene expression, and to gain greater insight into the potential roles of svp during embryogenesis, we generated a rabbit polyclonal antibody to amino acids 100-300 of the Svp II isoform. This region of the coding sequence is common to the two canonical Svp isoforms (Mlodzik et al., 1990) . We then studied the accumulation of Svp protein during embryogenesis (Fig. 2) .
The earliest expression of svp was apparent at stage 9, with weak signal detected in a subset of the cells of the developing nervous system ( Fig. 2A) . By stage 12 (Fig. 2B) , Svp protein was detected in the cardiac mesoderm close to the dorsal ectoderm, in a more lateral location corresponding to the lateral fat-cell clusters, in the oenocytes, and at the posterior of the embryo corresponding to the developing malpighian tubules and the dorsal fat-cell cluster. Staining was clearly apparent in fat cells and oenocytes at stage 14 ( Fig. 2C,D) . At stage 15 (Fig. 2E ), Svp was detected in the ring gland, the Svp cardial cells in the dorsal mesoderm, as well as a subset of dorsal skeletal muscles. There was also Svp protein detected in the head, probably in the head fold. By stage 16 ( Fig. 2F-H ), Svp protein was no longer detected in the dorsal skeletal muscles, but it was detected in a subset of ventral fibers corresponding to muscles VO 4-6 (Bate, 1990) . Svp protein was also detected in the mature fat bodies, oenocytes and the dorsal vessel. Finally, we detected Svp in the hindgut. These studies confirmed and extended previous observations of the expression of svp, and underlined the broad expression of this gene during the development of a large number of tissues from a number of different germ layers (Hoshizaki et al., 1994; Kerber et al., 1998; Bodmer and Frasch, 1999; Lo and Frasch, 2001; Kanai et al., 2005) .
To confirm the location of Svp cells in the dorsal vessel relative to the expression domains of Hox segmentation genes, we studied embryos co-stained for Svp and either Antp or Ubx protein. We found that the anterior-most svp expressing cells of the anterior-most Svp pair of the PA also coexpressed Antp. Additionally, there were two to three pairs of pericardial cells which also expressed Antp, but which did not express svp (Fig. 2I) . Ubx was coexpressed with svp in the PA: in one pair of the two anterior-most pairs of svp-expressing cells, and in the three remaining groups of Svp cells in the PA (Fig. 2J ). This data confirmed that Antp and Ubx were present in the Svp cells of the PA during the embryonic development of the dorsal vessel. Since the Svp cells of the heart co-express abd-A (Lovato et al., 2002; Animals were stained for the relevant Hox gene product (green) and for Svp (red). I: svp and Antp were co-expressed in a single pair of cells (arrowhead) at the anterior of the PA. J: svp and Ubx were co-expressed in the remaining cell pair at the anterior of the AA (arrowhead), as well as in the three other clusters in the PA (arrows). All panels are lateral views unless indicated, with anterior to the left. Bar, 100 mm. Lo et al., 2002; Ponzielli et al., 2002) our findings established a tight correlation between the areas of the dorsal vessel which expressed one of three Hox genes, and the areas in which svp expression was observed. In the AA none of these Hox genes were expressed, and no svp expression was observed.
Gain-of-function experiments demonstrated that Hox genes confer Svp cell fate in all regions of the dorsal vessel
To determine if the pattern of Svp cells in the dorsal vessel resulted from the action of Hox genes, we over-expressed in the mesoderm abd-A, Ubx or Antp using the UAS-GAL4 system of Brand and Perrimon (1993) . We followed cell fate in the dorsal vessel of these animals by studying the expression of three marker genes: svp itself, which is normally expressed in seven clusters in the dorsal vessel (Fig. 3A) ; tin, which is expressed in the myocardial cells in a mutually exclusive pattern with svp, such that interruptions in the arrangements of Tin cells imply the presence of Svp cells (Fig. 3B) ; and wg, which is expressed in the dorsal vessel only in the Svp cells of the ostia (Fig. 3C) .
Mesodermal over-expression of abd-A (Fig. 3D-F ) resulted in an expansion of the number of Svp cell clusters, from seven in wild-type to ten. Importantly, each cluster of Svp cells was separated by four pairs of Tin cells, even in the AA. The three supernumerary clusters were detected in the AA, which in wild type was normally devoid of Svp cells. We also observed corresponding interruptions in the pattern of Tin cells in the AA, which was consistent with the establishment of Svp cells in the AA region. Previously it had been shown that over-expression of abd-A could induce wg expression in the Svp cells of the PA (Lo et al., 2002) . When we studied Wg accumulation in these animals, we observed an expansion of wg expression not just to include the Svp cell of the PA, but also in the ectopic Svp cells of the AA. These findings with abd-A confirmed previous observations that abd-A can confer heart cell fate elsewhere in the dorsal vessel (Lovato et al., 2002; Lo et al., 2002; Ponzielli et al., 2002) , and additionally showed that the AA could be conditioned to be patterned like the heart. When Ubx was mesodermally over-expressed, we found that Ubx entirely recapitulated the results obtained by overexpression of abd-A: ten bilateral pairs of svp/wg expressing cells were observed, mutually exclusive with the pattern of tin expression, and Svp cell clusters were separated by four pairs of Tin cells (Fig. 3G-I) . The presence of Wg in the cells of the AA and PA in response to Ubx was curious since the PA of the dorsal vessel normally expresses Ubx as its only Hox gene in the embryo, but does not normally form Svp cells which coexpress wg. One possible explanation for this result is that in our experiments Ubx is expressed in the dorsal vessel at higher levels than normal.
When Antp was mesodermally over-expressed (Fig. 3J-L) , we also saw an expansion in the number of Svp cell clusters to ten. One distinct difference with Antp was that the ectopic Svp cell clusters in the AA were only separated from each other by two pairs of Tin cells. This result suggested that Antp had distinct effects upon cell lineage when compared to the other Hox genes tested. This observation was investigated in more detail below (Section 2.5).
The effect in the dorsal vessel of over-expression of Antp was also different from the other Hox genes in terms of wg expression: in this case, we did not see a reproducible expansion in the number of wg-expressing cells. Expression of wg remained in the posterior three clusters corresponding to the heart. We occasionally saw additional wg-expressing clusters, especially when the embryos were incubated at 29 8C to increase Gal4 activity (Michelson, 1994) , however, it was clear that while Antp was capable of inducing Svp cell fate in the AA, it was less effective than the other Hox genes tested in expanding wg expression.
These experiments demonstrated that mesodermal overexpression of Antp, Ubx or abdA at high levels was sufficient to cause an extension of the heart pattern of cell fates throughout the length of the aorta. These results suggested that Hh signals from the ectoderm, which are required for Svp cell fate in the dorsal vessel, are only effective if the corresponding region of the dorsal vessel is expressing one of three Hox genes.
Loss-of-function experiments demonstrated a requirement for Hox genes in Svp cell patterning
Since the overexpression data suggested that Svp cell fate could be induced in the AA by Hox gene products, we complemented these analyses with studies of mutants for each Hox gene, where we followed Svp cell fate in each genotype compared to wild-type (Fig. 4A ). In the Antp 25 null mutants, there was only a very small effect upon the expression of svp, where embryos lacked one cell of the pair of Svp cells in the anterior-most bilateral cluster. The normal number of cells was detected in the remaining Svp clusters (Fig. 4B ). Although only a mild effect, this result was consistent with our observation that only one pair of (Fig. 2) . We concluded that the missing Svp cell pair corresponded to the pair which normally expressed Antp.
Svp cells in this anterior cluster expressed Antp
The Ubx 9.22 embryos lack Ubx function. These embryos retained a single anterior Svp cell pair and the three most posterior Svp cell clusters in the heart, however, the remaining Svp cells of the PA were missing (Fig. 4C) . This result suggested that the Svp cells which normally expressed Ubx at higher levels failed to form in the absence of Ubx function; by contrast Svp cells still formed where there was normal expression of either Antp in the anterior of the PA, or abd-A in the heart. The Ubx 109 embryos lack both Ubx and abd-A function. These embryos only expressed svp in the dorsal vessel at high levels in a single anterior cell pair (Fig. 4D arrow) . By co-staining these mutant embryos for Antp and Svp, we found that the remaining Svp cell pair comprised the cell which normally co-expressed Antp. Interestingly, we also observed a posterior expansion of Antp expression in these mutants, and also occasionally and an additional cell which expressed svp in this cluster (Fig. 4D arrowhead) . There was also a posterior expansion of Antp expression in pericardial cells. This regulation of Antp expression by the BX-C was investigated further in Section 2.4.
The abd-A MX1 embryos lack abd-A expression. In these mutants, the wild-type pattern of svp expression was still evident, and we saw seven normal clusters of Svp cells. In these embryos, the absence of abd-A probably had no effect upon svp expression since there is known to be a posterior expansion of higher levels of Ubx expression into the heart in these mutants (Ponzielli et al., 2002) .
Taken together, the gain-and loss-of function experiments define a critical and autonomous requirement for Hox gene function in the patterning of cell fate in the dorsal vessel. The Hox genes Antp, Ubx and abd-A are each sufficient and required for the proper expression of svp in the Drosophila dorsal vessel.
Genetic interactions between Ubx and Antp in the dorsal vessel
It is known that in many cases, the expressions of Hox genes within a tissue or organ are interconnected. The expression of an anteriorly expressed Hox gene can be suppressed by the protein product of the Hox gene expressed in an immediately posterior location. Likewise, if the posterior Hox gene is absent, then the anterior will expand its own expression posteriorly, beyond its normal border (Miller et al., 2001 ). In Fig. 4D , we noted that the absence of Ubx and abd-A in the Ubx 109 mutants resulted in a minor posterior expansion of Antp which induced the formation of a Svp cell. We therefore explored the relationship between Antp and Ubx in more detail.
In wildtype embryos, Antp was expressed in 2-3 cell pairs in the cardiac tube, and also in several pericardial cells ( Fig. 5A; Fig. 1I ; Lo et al., 2002) . Mesodermal overexpression of Ubx obliterated all cardiac Antp expression, both in the cardial and the pericardial cells (Fig. 5B) , suggesting that Ubx could function as a potent inhibitor of Antp. By contrast, in Ubx 109 embryos, Antp expression in the cardial cells was only mildly affected ( Fig. 5C ): there were still only 2-3 pairs of cardial cells expressing high levels of Antp, although there was a more prominent increase in the number of more posterior cardial cells expressing low levels of Antp. Interestingly, there was a much clearer posterior expansion of Antp expression in the pericardial domain, albeit in an irregular manner: here the wild-type cluster of pericardial cells expressing Antp was duplicated approximately one segment posterior (arrowhead in Fig. 5C ). From these data we concluded that Ubx controls the posterior limit of Antp expression in the cardial and pericardial cells. Interestingly, since there was a limited posterior expansion of Svp cell fate, these results imply that maximal levels of Antp accumulation are required for Svp cell specification. We did not observe additional Svp cells in the PA of Ubx 9.22 mutants suggesting that in this case the posterior expansion of Antp expression was at a lower level.
Differential control of cell number in the dorsal vessel by Hox genes
The wild-type number of muscular cardial cells in the dorsal vessel is 104, 52 per side (Ponzielli et al., 2002) . This cell number arises from distinct lineage decisions in each region of the dorsal vessel. Since segment boundaries in the mesoderm do not correspond directly to those of the ectoderm, it is difficult to assign the precise number of dorsal vessel cardial cells arising in each segment. Instead, we consider cells of the dorsal vessel as arising from segmentally repeating units: in the anterior aorta, each of three units comprises four pairs of Tin cells (Alvarez et al., 2003) ; in the PA and most of the heart, each of six units comprises two pairs of Svp cells plus four pairs of Tin cells (Bodmer and Frasch, 1999; Gajewski et al., 2000; Ward and Skeath, 2000) ; and at the posterior terminus there are four cells pairs, two pairs each expressing svp or tin (Han and Bodmer, 2003) . This relationship is indicated in Fig. 6A , with each of the repeating units bracketed together.
Our earlier over-expression data indicated that Ubx/abd-A versus Antp had distinct effects upon Tin cell numbers in the AA. To investigate this in more detail, we determined the total number of cardial cells in animals over-expressing Hox gene products. With mesodermal overexpression of either abd-A (Fig. 6B) or Ubx (data not shown), the total cell number within the dorsal vessel increased. Where the wildtype dorsal vessel comprised 104 cells, in either of these overexpression cases we observed approximately 116 cells. This increase in number could be accounted for by increasing the number of cells in each of the three AA units from four cell pairs to six cell pairs (bracketed in Fig. 6B ). This was also consistent with our observation in Fig. 3 that each ectopic cluster of Svp cells resulting from Ubx or abd-A expression was separated by four pairs of Tin cells.
By contrast, when Antp was mesodermally overexpressed, the resulting cell number was unchanged from the wildtype 104 (Fig. 6C) . This indicated that Antp was unable to alter cell number in the AA, despite being able to confer ectopic Svp fate (Fig. 3J-L) . Taken together these results suggested that one of the functions of abd-A and Ubx in the PA or heart was to control cell lineage decisions, to ensure that each segmental repeat of cardial cells comprised four Tin cell pairs and two Svp cell pairs. In the anterior aorta of wild-type embryos, where no Hox genes were expressed, these lineage decisions were not made and the 'ground state' of four cell pairs per repeat was found.
To test this hypothesis further, we studied cardial cell number in the absence of Hox gene products, since this might result in the ground state of cell fate throughout much of the dorsal vessel. In Ubx 109 embryos that expressed neither Ubx nor abd-A there was a significant reduction in the total number of cells in the embryonic dorsal vessel to w80 (Fig. 6D) . This was consistent with the predicted loss of cell diversification throughout much of the dorsal vessel, and was also consistent with the absence of Svp cells throughout this region (Fig. 4D) . Taken together these results indicated that the Hox genes play critical roles in controlling cell fate in the dorsal vessel, and in defining a pattern of cell diversification which is required throughout the life of the animal.
Discussion
Studying the development of the Drosophila linear heart tube is of great value in understanding cardiogenesis, as it provides a level of simplicity not available in other model systems (reviewed in Cripps and Olson, 2002; Lo and Frasch, 2003; Brand, 2003) . The Drosophila system shares many important homologous genes with higher animals, among these is the Drosophila gene svp, whose homolog COUP-TF2 has been shown to be essential to the development of murine atria (Pereira et al., 1999) . Establishing the roles of the Hox genes in dorsal vessel development therefore may be helpful in understanding vertebrate cardiovascular development. The vertebrate atria are initially formed posterior to the ventricles in a linear heart tube. The tube later loops rightward and the atria then sit above the ventricles in a four chambered heart. Although the final vertebrate cardiac structure differs from Drosophila, the initial formation of a linear cardiac tube in both these Phyla is very similar, thus the establishment of AP identity might also arise from a conserved mechanism (Brand, 2003; Rosenthal and Xavier-Neto, 2000; Lo and Frasch, 2003) .
The results shown in this paper demonstrate a requirement and a sufficiency for Hox gene function in controlling the pattern of svp expression in the Drosophila dorsal vessel. This requirement is in addition to the requirement for ectodermal Hedgehog (Hh) signaling in Svp cell specification previously described (Ponzielli et al., 2002) . Taken together, these findings establish that the Svp cells in the dorsal vessel only form where Hox genes and Hh signaling intersect: in the wild-type AA Hh signals are received but a Svp cluster is not specified due to the absence of Hox gene input; elsewhere in the dorsal vessel Hh signals and Hox gene expression co-exist resulting in the specification of seven clusters of Svp cells; and when Hox genes are ectopically expressed, Svp clusters are seen along the entire length of the dorsal vessel.
Previous studies have been unclear as to the role of Hox genes in controlling Svp cell patterning in the dorsal vessel. Ponzielli et al. (2002) showed that a svp-lacZ enhancer trap was expressed normally in Ubx 109 mutants, suggesting that Hox genes did not contribute to Svp cell patterning. More recently, however, and while this manuscript was in preparation, the same group reported a series of experiments in which they demonstrated a requirement and sufficiency for Hox genes in inducing Svp cell fate in the dorsal vessel (Perrin et al., 2004) . The latter paper, while overlapping significantly with our work presented here, is supported by our observations. Thus we believe there is robust evidence in support of a role of the Hox genes in controlling Svp cell patterning. A more detailed understanding of how Hox genes influence svp expression might be forthcoming once the regulatory regions of the svp gene have been elucidated and analyzed.
Our data also significantly extend the observations of Perrin et al. (2004) both by describing in detail the expression pattern of svp in the embryo, and by studying in detail the distinct effects of Antp versus Ubx/abd-A upon cell number in the dorsal vessel.
Several laboratories have demonstrated important roles for svp in the development of a number of tissues, and it is indeed striking the broad array of tissues in which svp is expressed, including derivatives of both the ectoderm and the mesoderm, as well as in the hindgut. More striking is the strong requirement for Svp function in many of the tissues in which it is expressed (Hoshizaki et al., 1994; Kerber et al., 1998; Bodmer and Frasch, 1999; Lo and Frasch, 2001; Kanai et al., 2005) . Our data support the earlier observations of svp expression and also extend it to include a subset of skeletal muscles.
Previous studies have demonstrated important cell lineage differences between the AA and the rest of the dorsal vessel: the AA comprises repeats of four Tin-expressing cells with no Svp cells. These Tin cells are the result of asymmetric divisions creating one cardiac Tin cell and a sister pericardial cell (Alvarez et al., 2003) . Alternatively, most of the rest of the dorsal vessel comprises repeats of four pairs of Tin cells plus two pairs of Svp cells. The four Tin cardiac cells in the more posterior segments result from two symmetric divisions, while the two Svp cells result from asymmetric divisions that create one Svp cell with a sister pericardial cell (Gajewski, et al., 2000; Ward and Skeath, 2000; Han and Bodmer, 2003) .
The data presented here demonstrate that these lineage differences can be influenced by Hox function. When either abd-A or Ubx are over-expressed in the mesoderm, the AA is transformed into a fate resembling the PA and heart, with six pairs of cardial cells per segmental repeat. These repeats also contain two Svp cell pairs. The most reasonable explanation for this is that abd-A and Ubx expression impose PA/heart fate upon cell lineage decisions in the AA. It would therefore be predicted that the Tin cells of the homeotically transformed aorta arise from symmetric divisions.
Conversely, in the absence of abd-A or Ubx function Svp cells are mostly absent and cardial cell number is decreased. This presumably results from cells of the PA and heart adopting cell fate decisions more like the cells of the AA where there are only four pairs of cardial cells per segment. In this case, it would be predicted that the Tin cardial cells in Ubx 109 double mutants arise from asymmetric cell divisions. The situation with Antp over-expression is more complex. Although Antp is required and sufficient for the formation of Svp cell fate in the dorsal vessel, Antp is incapable of inducing changes in cell number in the AA. What cell lineage decisions take place in the AA when Antp is over-expressed? One possibility is that two of the Tin cells per hemisegment retain their asymmetric cell divisions, each division resulting in one cardial and one pericardial cell. The remaining two Tin cells per hemisegment are converted to a Svp fate, which (like the wild-type PA and heart) undergo asymmetric divisions, each division results in one Svp cardial and one pericardial cell.
An important conclusion from this work is therefore that the decisions controlling cardial cell number per hemisegment can be uncoupled from the decisions concerning whether Tin or Svp cells result. One model to explain these differences is that while all three Hox gene products can collaborate with Hh signals to induce Svp cell fate among a cluster of cardial precursors (perhaps by binding directly to a svp regulatory element), only abd-A and Ubx can influence target genes controlling symmetric and asymmetric cell divisions. How these Hox genes differentially affect cell fate is not currently known, nor are their targets within the cardiac mesoderm. Nevertheless, our demonstration that cell number and cell fate can be uncoupled in the dorsal vessel has important ramifications suggesting that Antp and Ubx/abd-A have both common and very unique targets in the genome. Elucidating these targets and the functional significance of Antp expression in such a refined part of the dorsal vessel remain important challenges for the future.
